Abstract-In this study, we built and tested a handheld motion-guided microforceps system using common-path swept source optical coherence tomography (CP-SSOCT) for highly accurate depth controlled epiretinal membranectomy. A touch sensor and two motors were used in the forceps design to minimize the inherent motion artifact while squeezing the tool handle to actuate the tool and grasp, and to independently control the depth of the tool-tip. A smart motion monitoring and a guiding algorithm were devised to provide precise and intuitive freehand control. We compared the involuntary tool-tip motion occurring while grasping with a standard manual microforceps and our touch sensor activated microforceps. The results showed that our touch-sensor-based and motor-actuated tool can significantly attenuate the motion artifact during grasping (119.81 µm with our device versus 330.73 µm with the standard microforceps). By activating the CP-SSOCT-based depth locking feature, the erroneous tool-tip motion can be further reduced down to 5.11 µm. We evaluated the performance of our device in comparison with the standard instrument in terms of the elapsed time, the number of grasping attempts, and the maximum depth of damage created on the substrate surface while trying to pick up small pieces of fibers (Ø 125 µm) from a soft polymer surface. The results indicate that all metrics were significantly improved when using our device, of note, the average elapsed time, the number of grasping attempts, and the maximum depth of damage were reduced by 25%, 31%, and 75%, respectively.
I
N RETINAL microsurgery, various vitreoretinal procedures routinely require accurate manipulation of the surgical instrument close to the retina surface while trying to avoid severe complications. One such delicate operation is epiretinal membrane peeling (membranectomy), which is among the most commonly performed vitrectomy-based procedures. It is used to delaminate a very thin (micron scale) fibrous membrane adherent to the retinal surface, using either a pick or preferably a microforceps tool [see Fig. 1(a) ]. Specifically, the internal limiting membrane (ILM), which is a very thin and transparent membrane on the surface of the retina, participates in the pathogenesis of vitreoretinal interface diseases such as macular hole and macular pucker as well as other maculopathies [1] - [3] . ILM peeling is a challenging procedure due to its single micron scale thickness and its transparency. Typically, the ILM is stained using dyes such as indocyanine green (ICG) in order to improve the visibility. However, there have been studies reporting toxicity of ICG to the retinal pigment epithelium and neurosensory retina [4] . Besides the visibility issue, the procedure is still challenging to master due to involuntary patient movement and the physiological hand tremor of the surgeon, which is typically within the 6-12 Hz frequency range with several hundred microns of amplitude [5] . Considering that the thickness of epiretinal membrane is below 100 micrometer and the total retina thickness is about 250 micrometer, both the surgeon's hand tremor and patient motion have significant potential to cause retinal injury.
During membranectomy microsurgeons need to first insert the surgical tool tip to a desired depth for grasping and lifting the membrane edge without harming the underlying retina. To grasp, the standard disposable microforceps from Alcon, Inc. (Fort Worth, TX, USA) [see Fig. 1(b) ] requires squeezing of the tool handle for tip actuation. Because of the large squeezing motion and the associated forces, the tool apex position is less stable during forceps' jaw closure. After grasping the membrane, it is carefully delaminated from the retinal surface by deliberately moving the tool very slowly (typically 0.1-0.5 mm/s) in strategic delaminating directions. During both steps, the surgeon is dependent upon visualization through a stereomicroscope with depth perception limited by the ability to resolve on the micron scale in the axial axis and with potential obstruction of the surgical contact site by the tool shaft and functional tip. Optical coherence tomography (OCT) using near-infrared light source, which has a noninvasive and highly accurate depth resolved imaging capability, serves to overcome these limitations in this setting [6] - [13] . Our research group has been pursuing an axial motion sensing and guidance approach that utilizes a swept source OCT (SSOCT) as a distal sensor. In our approach, common-path SSOCT (CP-SSOCT) has been strategically adopted because it is simple in design, inexpensive, and has the potential to, in part, be incorporated in disposable surgical products [14] - [16] . In order to develop a real-time OCT intraoperative guidance system, we employed a parallel programming technique that uses a graphic processing unit (GPU) for fast computational speed and incorporated it into the microsurgical tool system [17] . This distal sensing application is distinguished from the typical OCT "B-scan/C-scan" imaging application [18] in that our distal sensing system measures a distance value by acquiring A-scan data, with its attendant complexity [19] - [25] . The OCT data in our application is subsequently transformed to distance information rather than morphological information, and is directly utilized for motion control in real-time. In this regard, our depth-guided microforceps embedding OCT distal sensor is the extension of the handheld instruments [22] - [32] ; therefore, it is differentiated from the robotic arm based guidance systems [32] - [35] including the recent work that utilizes a microforceps and OCT B-scan images for guidance [36] .
Integrating CP-SSOCT feedback with a microforceps via an intuitive control system can effectively bring the tip of the forceps at the desired depth and maintain it at that position until successful grasping, regardless of involuntary user or patient motion. Based on the approach shown in Fig. 2 , our group previously developed a "SMART" microforceps and demonstrated . Overview of our CP-SSOCT depth-guided microforceps system: (b) earlier "SMART: microforceps prototype using one actuator for depth guidance and the squeeze mechanism for grasping [24] , (c) current design using a touch sensor and two independently actuated motors for the control of grasping (green) and depth guidance (red) actions.
the feasibility of this concept in stabilizing tool motion for safer grasping [24] . However, this previous tool posed limitations due to its mechanical design. Specifically, there was potential motion conflict between grasping motion of a user and motion compensation of the system because those two independent motions were connected to each other in the previous mechanical design. Preserving the squeezing mechanism of the conventional microforceps, the inner wire providing the grasping action in this design interfered with the operation of the motor compensating the involuntary motion. This design approach posed a potential risk of conflict between these two actions. Ideally, the degrees of freedom (DOF) required for grasping and depth guidance actions need to be independent of each other. Therefore, this study builds on and substantially advances our prior work by strategically separating these two functions via two independent actuators [26] . One of the actuators provides the active motion guidance that is controlled by the OCT guidance system while the other provides the grasping functionality controlled by the user. The standard microforceps are actuated by squeezing the tool handle as shown in Fig. 1(b) , which may induce significant erroneous motion of the tool tip while grasping. Our present design replaces this actuation mechanism with a linear motor interfaced with a touch sensor. This new motorized architecture removes the squeezing motion from the tool handle and, thus, substantially reduces the motion artifact at the tool tip during grasping. Furthermore, the integrated CP-SSOCT feedback is used to actively guide and stabilize the tool tip relative to the tissue by compensating any residual motion due to forceps actuation, involuntary motion of the operator such as physiological hand tremor, and patient movement. In order to evaluate the performance of our tool, we compared the motion at the tool tip during grasping considering three cases: 1) using standard manual microforceps; 2) using our motorized microforceps without active OCT guidance; and 3) using our motorized microforceps with active OCT guidance.
II. METHODS AND MATERIALS
Our motion-guided microforceps (MGMF) system consists of three main modules: 1) fiber-optic OCT module (distal sensor); 2) microforceps handpiece module (operating hardware); and 3) workstation (computing and control).
A. Fiber-Optic OCT Module
The OCT system consists of a swept source OEM engine (AXSUN, central wavelength λ 0 : 1060 nm, sweeping rate: 100 kHz, 3-dB axial resolution: 8 μm, scan range: 3.7 mm in air), a balanced photo-detector and a digitizer with a sampling rate of up to 500 MSPS with 12-bit resolution, a Camera Link DAQ Board, and a Camera Link frame grabber (PCIe-1433, National Instruments). We strategically chose to use 1060-nm OCT system instead of 1300-nm OCT system, which is more popularly used in OCT imaging, because the former provides better axial resolution given the same bandwidth. For example, the axial imaging resolution of 1060-nm OCT system is about 8 μm, whereas the axial resolution of 1310-nm OCT system is about 15 μm with 100 nm tuning range (bandwidth). Although 1310-OCT is more immune to scattering and allows deeper imaging, this is not needed in the case of retinal imaging since the thickness of human retina is only 200-250 μm. Also, we would like to point out in terms of penetration depth, 1060-nm system can easily image down to the sclera. The optical setup is compact due to the use of fiber-optic-based setup. In the case of CP-OCT, the OCT system does not require reference arm because it uses the reflection beam from an interface between fiber (sample arm) and air (medium) as a reference beam as shown in Fig. 2(a) . Thus, CP-OCT is naturally immune to dispersion and polarization noises. It is one of the critical steps attaching the fiber sensor to the tool-tip during the assembly process. Currently, we manually attach the fiber sensor to the tool-tip; for this reason, there was variation in attaching position of the fiber sensor. However, we measure the variations in the offset distance that is the distance from the fiber-tip to the tool-tip by locating reflective surface at the end of the tool-tip. After attaching the fiber, record this offset distance and measure distance from the sample surface to the tool-tip is obtained by subtracting the offset distance from the measured distance.
B. MicroForceps Module
The design of our microforceps [see Fig. 1(c) -(e)] involves two linear piezoelectric motors, a handpiece, a touch sensor, a fiber-optic sensor, an actuated tool-tip, and a custom-built control board. A prototype, shown in Fig. 1(c) , was threedimensional (3-D) printed using acrylonitrile butadiene styrene thermoplastic with a resolution of 0.010 in. The design provides two actuated DOF, which are completely independent of each other: 1) involuntary motion compensation; and 2) grasping. The first piezoelectric linear motor (LEGS-LT2010A, PiezoMotor), M1 in Fig. 1(c) , is for motion compensation and is fixed to the handpiece. The motor has its own driver (PMD101, PiezoMotor), and is used to move the actuated tool tip relative to the handpiece within a maximum stroke of 80 mm. The actuated tool tip consists of three main parts. The first part is a piezoelectric linear motor (M3-L, New Scale Technologies), M2 in Fig. 1(c) , which is used for opening and closing the forceps jaws. It embeds the motor driver, encoder, and electrical circuit that communicates with the custom built control board through a serial peripheral interface (SPI) communication protocol. Attached to the motor shaft, the orange piece in Fig. 1(c) is the second part. This part holds and slides up and down the guide tube for opening and closing the forceps jaws. The forceps jaws are open in default and firmly anchored to the motor body. One arm of the jaws is straightened and flattened providing a proper space for fiber-optic sensor attachment, whereas the other arm is bent open [see Fig. 1(d) ]. As the guide tube moves forward, the bent arm of the compliant jaws is squeezed and moves toward the other straight arm providing a firm-grasping platform. When the guide needle moves backward, the bent arm flexes back opening the jaws. During this grasping and releasing action, the straight arm never bends or moves so that there is no adverse effect on the fiber-optic sensor.
The grasping action is controlled by how firmly the user pushes on the touch sensor. The touch sensor (FSR 408, Interlink Electronics) is an interface to transfer the user signal to activate the grasping. We tested and build a voltage divider circuit to measure its variable resistance that produced desired output response. As a result, we are now able to focus on a certain range of forces by selecting the reference resistor value. In our case, we used a 10-kΩ resistor matching the force pressure range used by an operating surgeon. Note that both the sensitivity and the dynamic range can now be deliberately tuned. Additionally, we developed a grasping calibration curve table in order to provide control flexibility of the touch sensor and also control of the grasping manipulation motor as shown in Fig. 3 . The table is divided into three zones: 1) threshold; 2) active; and 3) saturation zones. By changing the threshold and saturation value, we can customize the sensitivity of the touch sensor for Fig. 3 . Calibration curve for the touch sensor. The curve is divided into three zones: 1) dead zone where the tool-tip manipulating motor does not react to the touch sensor; 2) active zone that is responsible for motor control; and 3) saturation zone where the motor has reached its maximum position.
each user. The curve equation in an active area
where pos is the position of motor M2, A max is the maximum traveling length, V 1 and V 2 are the voltages for threshold and saturation lines, and v is the input voltage applied to the touch sensor. To attach the CP-OCT distal sensor probe, we unfolded one of the forceps fingers. Also, a groove was made on the side of the guiding needle to protect the fiber to tool-tip interface as shown in Fig. 1(e) . Finally, we built a control printed circuit board board with the ARM Cortex-M4 32b MCU (STM 32 F405, 168 MHz, STMicroelectronics) in order to read touch sensor output and control the forceps-tip controlling motor. This control board communicates with the workstation through an USB HID (Human interface device class) protocol. The control board uses the built-in 12-bit analog-to-digital converter to read the voltage applied to the touch sensor and send a command to the motor driver through an SPI protocol.
C. System Software Module
As shown in Fig. 4 , the CP-OCT spectral data for the distal sensing is sequentially processed in the workstation following three steps [24] . The overall processing procedure consists of three main parts: 1) OCT signal process; 2) surface detection; and 3) motion control. The total processing time is significantly reduced with the help of parallel processing based on GPU programming (CUDA, Nvidia). Specifically, the first step of the processing is to transform the spectral data to A-scan data. 128 consecutive spectra consisting of 1376 data points are transmitted from the frame grabber in every 1.28 ms. A high-pass filter is applied to the spectrum data to remove the high dc component in spectrum data and a low-pass filter is consecutively applied to remove high-frequency noise components. After fast Fourier transform, averaging and background subtraction are conducted on the A-scan data. This produces an A-scan with 2048 data points that cover a 3686.4 μm axial distance from the end of the fiber. The final A-scan is passed to the next process that detects the tissue surface. The A-scan of a retina, which has a multilayered structure, has a complex shape and the most significant reflection beam does not always come from the sam- Fig. 4 . Data processing flowchart consisting of OCT signal processing, surface detection signal processing, and motion control processing. Each step is implemented in independent software module; especially, the OCT signal processing module uses parallel processing technique based on GPU programming. ple surface; as a result, simple peak detection is not appropriate for tracking the distance from the sample surface. Instead, we use an edge detection method after low-pass filtering the Fourier transformed A-line OCT signal [19] . Additionally, we need to improve the robustness of the surface detection process by focusing on the features of the A-scan that reflect the retinal anatomical structure. Thus, we applied circular cross-correlation to two consecutive A-scans to find the distance variations. Finally, the calculated position value is transmitted to the third step. Instead of using the position value directly to control the motor, a Kalman predictor is applied for more accurate motion compensation. This prediction step is necessary to make up for the computational and communication time delay between the spectrum measurement and the actuator operation. Finally, the compensating value is transmitted to the motor driver.
One of the optimization issues of Kalman filter and compensating length decision process was finding the right balance between system responsiveness and stability. Sporadic large hand tremor could be reduced from several hundred micron to tens of micron with a higher responsiveness but this setup resulted in worse performance in terms of stability due to its own high frequency system vibration (10-20 μm amplitude). On the other hand, the motion guidance cannot sufficiently compensate for the large hand tremor. For this reason, we prepared several options and choose one of the coefficient sets depending on the users. In these experiments, we compromised on the responsiveness based on the assumption that the manipulation of the surgeon was already well mannered and our system is expected to give minimal assistance in axial direction.
III. EXPERIMENTS
In an epiretinal membrane peeling procedure, prior to membrane delamination, the surgeon first brings the forceps tip above the target area, and then carefully moves it to the surgical depth required to grasp the membrane edge. Due to the limited axial resolution through the surgical microscope and tool manipulation in the axial direction, as well as partial obstruction of the target by the tool tip, tool shaft, shadows, and the retina itself when the tool is engaged in tissue, it is not trivial bring the tool tip to the surgical target depth with precision. In actual practice, surgeon routinely move the tool tip very slowly into the membrane and make multiple attempts to grasp until the target is successfully engaged and the membrane edge lifted. Ideally, a surgeon would bring the forceps tip directly to the precise desired target depth for efficient and safe grasping using a single attempt. This hypothetical ideal is not presently possible for most surgeons due in part to physiological hand tremor, patient movement, and the inherent motion artifact during forceps actuation. Our CP-SSOCT guided microforceps' depth-locking feature is designed to eliminate this problem and bring the tool tip to the desired depth with ease, precision, and safety. In order to demonstrate the performance of our tool, two sets of experiments were performed by an expert vitreoretinal surgeon.
In the first set, the aim was to monitor the motion artifact at the tool tip during grasping in three cases. First, the surgeon was asked to use a standard 23 gauge [see Fig. 1(b) ] manual microforceps (with an OCT fiber probe attached to the jaws' tip) to complete ten grasping attempts on a thin film target while trying to maintain the forceps tip as close to the target surface as possible without touching the surface. The tool tip position relative to the target surface was acquired from the attached CP-OCT distal sensor (sampling period = 1.28 ms). In the second and third cases, the same surgeon was asked to repeat the procedure using our microforceps without and with the motion guidance feature (target distance from the surface = 500 μm), respectively.
Our second set of experiments aimed at assessing the efficacy of our tool in terms of the time required to successfully pick up a target from a delicate surface, the total number of grasping attempts, and the maximum depth of unintended penetration (damage) to the underlying surface. In our trials, as the target to be grasped, we used pieces of optical fibers with comparable thickness to an epiretinal layer (125 μm in diameter) on top of a soft polymer as shown in Fig. 5(a) . The task of the surgeon was to grasp and pick up the fiber piece without damaging the underlying polymer surface in the shortest possible time. Two cases were investigated using our tool: 1) with; and 2) without motion guidance. A number of 20 trials were completed per case by randomly turning on and off the motion guidance feature for blind testing. Fig. 5(c) is the screenshot of the developed GUI program for this experiment, which displays the synchronized real-time A-scan, video of the operation site, and output of the touch sensor. The recorded video was used to determine the number of attempts and the elapsed time to successfully grasp and pick up the fiber pieces, leading to a resolution of 1 s. In order to assess the maximum depth of damage on the polymer surface, we used another 2-D scanning OCT imaging system as shown in Fig. 5(b) .
IV. RESULTS AND DISCUSSION

A. Evaluation of Motion Artifact during Grasping
The measured tool tip position during the ten grasps in each case is shown in Fig. 6 . When the standard manual microforceps was used [see Fig. 6(a) ], the distance from the target significantly varied, with a large movement each time the jaws were closed and with some high-frequency oscillations due to operator's hand tremor. The tool tip consistently moved forward while grasping and backward while releasing. Surface contact (distance = 0 μm) was observed in three of the ten grasps, which could lead to unintended force exertion on the retina and, thus, injury in case of an actual surgery. According to prior work, surgeons receive very little force feedback during retinal microsurgery [37] ; therefore, responding in real time to inadvertent retina contact is not yet feasible without assistance.
The second and third case trials were completed using our microforceps. As shown in Fig. 6(b) , the motion artifact was significantly reduced during tool-tip manipulation even without the active motion guidance. A major contributor to this stabilization is that the user needs to apply a relatively lower force on the tool handle to grasp since the input is sensed by a touch sensor and actuation is achieved by a motor. The motorized architecture also has removed the moving parts on the tool handle as opposed to the squeezing mechanism on the conventional microforceps thereby yielding a potential stability advantage. When the motion guidance feature was turned on, the targeting error at each grasp was almost eliminated [see Fig. 6(c) ] and the forceps tip was successfully maintained 500 μm above the sample surface throughout the test. The standard deviations of . Measured distance variation as the surgeon opens and closes the forceps while trying to maintain the tool tip fixed above a thin film layer (a) using a conventional 23 gauge microforceps, using our microforceps (actuated via the touch sensor) (b) without and (c) with the motion guidance feature. Ten grasps were performed for each case. Vertical bars show the opening and closure of the forceps jaws. The motion artifact was significantly reduced by the using the touch-sensor-based actuation on our tool rather than the squeezing mechanism on the conventional microforceps. The OCT-based motion guidance successfully eliminated any distance variation. Fig. 7 . Frequency analysis of the distance variation during the grasping actions using a standard manual microforceps, using our motorized microforceps without and with the motion guidance feature.
the distance variation during the grasping action in these three cases were 330.73, 119.81, and 5.11 μm, respectively. Fig. 7 shows the frequency analysis of the acquired distance data for each case, where the intensity (I) for each case was obtained using the following equation:
In (2), i, j, m, and N are the trial index, frequency component index, target depth, and total trial number, respectively. According to the graph, the usage of touch sensor reduced the intensity of the components over the entire frequency area. On the other hand, the compensating motion by the system effectively suppressed the low-frequency components located in 0 to 40 Hz. These results dramatically demonstrate the effectiveness of this approach in suppressing the grasping-induced motion artifact present with manually operated and unassisted forceps. During actual surgical operation, the motion artifact is in part suppressed by the passage through trocars [see Fig. 1(a) ] that dampen mostly the lateral movements; though, the stabilizing effect in the axial direction by trocar use is limited.
B. Grasp and Pick Up Experiments
The results of this experiment are shown in Fig. 8 . Accordingly, the motion guided trials show significantly better performance in all considered aspects. Without the motion guidance, the surgeon spent 7.9 s to successfully grasp the fibers on the average (min: 5.0 s, max: 12.2 s). The number of grasping attempts had a mean of 1.6 (min: 1, max: 3) while the maximum depth of damage averaged 101.8 μm (min: 25.2 μm, max: 219.6 μm). When the OCT-based motion guidance feature was used, means were drastically reduced, leading to a mean operation time of 6.1 s (min: 4.0 s, max: 8.1 s), 1.05 attempts before successful grasping on the average (min: 1, max: 2), and a mean damage depth of 13.14 μm (min: 4.5 μm, max: 27.0 μm).
The efficacy of motion guidance can be better observed when the maximum depth of damage is graphed relative to the elapsed time as shown in Fig. 9 , where the point distribution of the trials without the motion guidance is significantly wider than that of the motion guided trials. We computed the total distances from the center of each distribution in order to quantify the degree of distribution, and the value of freehand trials was 6.32 times larger than that of guided trials. The three p-values of nonparametric Kruskal-Wallis one way analysis of variance (significance level = 0.05) on Ranks, which are 8.40E-4 (elapsed time), 3.37E-3 (number of grasping attempts), and 2.56E-10 (maximum depth of damage on the substrate), indicated that the results for the motion guided and unguided trials were statistically significantly different.
V. CONCLUSION
In conclusion, we have built and demonstrated a novel motion compensated microforceps that allows accurate depth targeting and precise depth locking during both grasping and peeling operations. One of the key innovations of this tool is that it separately controls the motion compensation and grasping motion of the forceps. To achieve this, we used two independently actuated motors and controlled the grasping electronically via a touch sensor rather than the mechanical squeezing mechanism on the standard forceps tools. This touch sensor-based actuation enabled the operator to grasp by applying less force on the tool handle and eliminated the squeeze-induced motion artifact during grasping. The touch sensor alone represents a substantial improvement in instrument control and precision. Moreover, when both the touch sensor based actuation principle and the CP-SSOCT-based motion guidance feature were used together, our preliminary grasping tests with a vitreoretinal surgeon showed significantly reduced operation time, fewer number of attempts, and less damage on the underlying surface while grasping and lifting small fibers up from a soft polymer surface. In contrary to the conventional forceps, however, our depth-guided forceps incorporates electronics including highspeed motors and touch sensor that increases the system cost and complexity. Also because of the complexity of the system and parts involved, sterilization becomes a major issue. Our current work is focused on further performance and feasibility evaluation of this technology on biological tissues using exvivo animal models and investigating mechanical structure and materials for better disposability and sterilization.
